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6+CTTS!,+(,+! aat tca tta aag agg aga aat taa ccA TGC GCC GCT 
GGA AAA TTG TGG TGA TTC GCT GGC GCC GCc a 
6+CTTS!'(C/,+(,+!
cat gtg GCG GCG CCA GCG AAT CAC CAC AAT TTT CCA 
GCG GCG CAT ggt taa ttt ctc ctc ttt aat g 
6+CTV_!,+(,+!
aat tca tta aag agg aga aat taa ccA TGT GGA TTG 
TGG TGA TTT GGC GCC GCA AAC GCC GCC GCc a 
6+CTV_!'(C/,+(,+!
cat gtg GCG GCG GCG TTT GCG GCG CCA AAT CAC CAC 
AAT CCA CAT ggt taa ttt ctc ctc ttt aat g 
2@P6%e%0I7=dFJ*! AGC gaa ttc CGA TCA TGA GTA AAG GAG 
2@P6%ed%0I7Rd$+L! AGC gaa ttc GCC CTG AAA ATA CAG GTT TTC GCC TTT 
GTA TAG TTC ATC 
2@P]>FJ*! CTA CCT GTT CCT TGG CCA ACA CTT GTC ACT AC  




%0I2@P]>!FJ*! CAC ACA GAG TTC CGA TCA TGA GTA AAG GAG 
%0I2@P]>!$+L! CTC CTT TAC TCA TGA TCG GAA CTC TGT GTG 
6+CTTSN<FJ*! PHO-CGC CGC TGG AAA ATT GTG 
2@PN<$+L! PHO-GCC CTG AAA ATA CAG GTT TTC 
6+CTV_N<FJ*! PHO-TGG ATT GTG GTG ATT TGG CG 
6+CTTb!,+(,+! aat tca tta aag agg aga aat taa ccA TGC GCC GCT 
GGC GCA TTG TGG TGA TTC GCG TGC GCC GCc a 
6+CTTb!'(C/,+(,+! cat gtg GCG GCG CAC GCG AAT CAC CAC AAT GCG CCA 
GCG GCG CAT ggt taa ttt ctc ctc ttt aat g 
6+CTTbN<FJ*! PHO-CGC CGC TGG CGC ATT 
6+CRVi!,+(,+! aat tca tta aag agg aga aat taa ccA TGA AAC GCT 
GGT GGA AAT GGA TTC GCT GGc a 
6+CRVi!'(C/,+(,+! cat gtg CCA GCG AAT CCA TTT CCA CCA GCG TTT CAT 
ggt taa ttt ctc ctc ttt aat g 
6+CRViN<FJ*! PHO-AAA CGC TGG TGG AAA TGG ATT 
:9W_bbi!FJ*! GTA ACG CCA GGG TTT TCC CAG TCA CGA CGC GTG CTA 
GGA CAA AGT AGA C 
:9W_bbW!$+L! GCG GAT AAC AAT TTC ACA CAG GAA ACA GCG TCT GTC 
TAT CCC AGT GTT G 
:9c_Sc!i!FJ*! GTA ACG CCA GGG TTT TCC CAG TCA CGA CGG ACT TCA 
GCC TCT CGT ATG 
:9c_ScW!$+L! GCG GAT AAC AAT TTC ACA CAG GAA ACA GCG GCT AAC 
AAG TCT AAC CGA C 
:F[Q$2+(*FJ*! GCA TCA GTG CCT CCT CTC AGA C 
8$$:01+0-$+L! GGA TTG AGA TTC CTG GAG CTG G 
8,-:01+0-$+L! CAT ACC TCC TAA CAG GAG AC 
8$$:8I(*+FJ*! GCG GAG ATA TAC CTA GCA GAG 
8$$:8I(*+$+L! CAC TTG TAG AGT TTG CGA ACC 
8,-:8I(*+FJ*! CAC ATC CTT TAG CAC TCA GTC 
8,-:8I(*+$+L! GAA TAC CCA TAC AAG GCA AAG G 
?/,CI(VH76!FJ*! CTG CCG AGA AGA AGC CTA GCA C 
?/,CI(VH76!$+L! GAA GAG TAG GTC TCC TTC CTG GTC 
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76!FJ*! CCG TGG AGT CAG CTG TAT CAA GG 
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76!$+L! GCA ACC TCA GGC GCA ATG TTC G 
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76!FJ*! GAG TCG TCA TCG GCA CAG GAA TG 
:9__UV76!$+L! CCA ACG CTT CTT GGT CTC ACC TC 
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76!FJ*! GAG TGG CAA GAC AGA GGA TGT CG 
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76!$+L! GAA CCG CCA GGG ATC AGA CTA G 
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76!FJ*! CAA AGC TAC ATT CAA GGC CAG CAC C 
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$+L!! GTT AAT TAA TTA GAG GAT GGA GCC AAG GGC AAC GC 
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a b s t r a c t
Hydrophobins are fungal proteins with the ability to form immunologically inert membranes of high sta-
bility, properties that makes them attractive candidates for orthopaedic implant coatings. Cell adhesion
on the surface of such implants is necessary for better integration with the neighbouring tissue; however,
hydrophobin surfaces do not mediate cell adhesion. The aim of this project was therefore to investigate
whether the class I hydrophobin DewA from Aspergillus nidulans can be functionalized for use on ortho-
paedic implant surfaces. DewA variants bearing either one RGD sequence or the laminin globular domain
LG3 binding motif were engineered. The surfaces of both variants showed significantly increased adhe-
sion of mesenchymal stem cells (MSCs), osteoblasts, fibroblasts and chondrocytes; in contrast, the inser-
tion of binding motifs RGD and LG3 in DewA did not increase Staphylococcus aureus adhesion to the
hydrophobin surfaces. Proliferation of MSCs and their osteogenic, chondrogenic and adipogenic differen-
tiation potential were not affected on these surfaces. The engineered surfaces therefore enhanced MSC
adhesion without interfering with their functionality or leading to increased risk of bacterial infection.
! 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction
Hydrophobins are fungal proteinswith the ability to formamphi-
pathic membranes by self-assembling at hydrophilic–hydrophobic
interfaces. If these membranes are formed on a solid surface, they
can convert the hydrophobicity of this surface. A Teflon surface, for
example, can bemade hydrophilic by the addition of a hydrophobin
layer [1]. The assembly of class I hydrophobins is associatedwith the
formation of amyloid fibrils [2], and assembled class I hydrophobins
bind strongly to their supports, resisting harsh treatments such as
boiling using water or detergents [3].
Hydrophobins are found on fungal spores and the tissues of
fruiting bodies that have been exposed to air [4,5]. The hydropho-
bin coating on spores creates an affinity with hydrophobic sur-
faces, which facilitates their dispersal in the air. In addition to
these biophysical properties, hydrophobins have also been shown
to be important in the interaction between spores and their host
post-inhalation. The hydrophobin RodA, from Aspergillus fumigatus,
is immunologically inert. It does not induce maturation of den-
dritic cells and alveolar macrophages or activate helper T-cells,
and it is proposed to function as a shield, preventing immune
response to spores [6]. Hydrophobins therefore represent non-
immunogenic proteins with the capacity to change the property
of surfaces via a stable coating of thin layers. These various proper-
ties suggest that hydrophobins may be interesting compounds for
use in medical applications [3].
Materials with surfaces that permit good integration with hu-
man tissue are in high demand for tissue engineering and medical
implants. For prosthetic implants in particular, osseointegration
that guarantees stability and prevents subsequent loosening from
bone is highly desirable. One means of promoting this integration
is to use implants with surfaces on which progenitor cells can
attach and differentiate to form new bone [7]. Mesenchymal stem
cells (MSCs) are present in the bone marrow and represent the
most important cell population, with the ability to regenerate mes-
enchymal tissues [8]. The adhesion of MSCs to implant surfaces
under conditions that maintain their osteogenic differentiation
potential could therefore promote the integration of an implant.
On the other hand, adhesion of bacterial cells is undesirable on
implant surfaces. The infection of prosthetic joints with virulent
microorganisms such as Staphylococcus aureus is a devastating
complication with high morbidity [9]. Bacterial adhesion is a first
step leading to biofilm formation and inflammation, which may
1742-7061/$ - see front matter ! 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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eventually necessitate implant removal; therefore, a functionalized
coating for implant surfaces promoting the adhesion of human
cells should not concurrently facilitate bacterial adhesion [7].
Hydrophobin DewA from Aspergillus nidulans is a class I
hydrophobin for which large-scale production has been achieved
[10]. A pilot study showed that DewA-coated surfaces provide low
adhesion of human cells. The aim of this project was to investigate
whether DewA could be functionalized for use on implant surfaces
to prevent infection and improve tissue integration. Binding sites
for integrin receptors such as the Arg–Gly–Asp (RGD) sequence of
fibronectin [11,12] and the laminin globular domain LG3 [13] repre-
sent attractive cell adhesion-mediatingmotifs for such a functional-
ization. A similar approach was followed in earlier work with
Schizophyllum commune SC3 hydrophobin, which was fused to an
RGD peptide [1]. Coating with genetically engineered hydrophobin
promoted growth of fibroblasts on a hydrophobic solid. In contrast
to A. nidulans DewA, SC3 cannot be produced in Escherichia coli but
needs to be isolated from the mushroom, a tedious and inefficient
process. Application of this particular protein is consequently lim-
ited. In this project we usedmolecular modelling to predict suitable
insertion sites for RGD or LG3 motives at surface-accessible sites in
the engineered A. nidulans DewA molecule, and used these purified
proteins to produce hydrophobin surfaces that enhance adhesion
of human cells. The adhesive properties of these engineered hydro-
phobins were investigated for MSCs, osteoblasts, fibroblasts, chon-
drocytes and S. aureus. The effects of hydrophobins on
proliferation and differentiation of MSCs were evaluated.
2. Materials and methods
2.1. Modelling of genetically modified DewA variants
In order to model the DewA domain, a motif-conserving align-
ment between the sequence of DewA and the class I hydrophobin
EAS [14] was carried out using the Needleman–Wunsch algorithm
[15]. Homology models were created using the Modeller package
[16] and further relaxed in the all atom-free energy forcefield
PFF02 [17] using POEM@HOME. POEM (protein optimization using
energy methods) is an all atom-free energy Monte Carlo frame-
work shown to stabilize a multitude of different protein folds;
POEM@HOME is the distributed volunteer computing implementa-
tion of the POEM framework. Single simulations consist of a fixed
number of Monte Carlo steps changing either single dihedral an-
gles by a random value, or by copying favourable angles from a
database of angles specific to the occurrence of two adjacent amino
acids. Bond lengths are maintained during the simulation.
We modelled the yaaD-binding peptide domain using frag-
ment-based modelling of the truncated yaaD protein fused with
either one of the binding peptides (Fig. 1A). Fragments were gener-
ated using the Rosetta server [18] and assembled in the Rosetta 3.1
suite. The resulting models were then relaxed on POEM@HOME
applying a protocol similar to that used in modelling of DewA.
We generated 40,000 structures each, using the standard Roset-
ta modelling protocol for the fusion construct of both LG3 and RGD.
Each of these models was then relaxed twice independently using
500,000-step geometrical annealing Monte Carlo simulations. For
2 h run time each, these simulations consumed about 36 CPU years
of simulation time. The population of structures was analysed for
the accessible surface of the LG3 or RGD motifs respectively in
the energy-minimized ensemble.
2.2. Insertion of peptides RGD and LG3 via primer ligation
The peptides were fused to the N-terminus of the yaaD via pri-
mer ligation using the RGD ligation sense AATTCATTAAAGAGGA-
GAAATTAACCATGCGGGGCGACCA and RGD ligation antisense
CATGTGGTCGCCCCGCATGGTTAATTTCTCCTCTTTAATG, or LG3 liga-
tion sense AATTCATTAAAGAGGAGAAATTAACCATGCCGCCGTTCCT-
GATGCTGCTGAAAGGTTCTACCCGTCA and LG3 ligation antisense
CATGTGACGGGTAGAACCTTTCAGCAGCATCAGGAACGGCGGCATGG
TTAATTTCTCCTCTTTAATG primer sets that include the sequences
of the promoter region between the restriction sites EcoRI and NcoI
of the vector pQE60(truncated)YaaD–DewA–His6 [10]. The synthe-
sized primers from MWG (Ebersberg) were purified by high-per-
formance liquid chromatography. The primer sets were incubated
in PCR-buffer at 95 !C for 1 min and then cooled down to room
temperature to allow duplex formation. The vector pQE60(trun-
cated)YaaD–DewA–His6 [10] was digested with EcoRI and NcoI,
purified from 1% agarose gels via a Zymo Gel DNA Recovery Kit
(ZymoResearch, Freiburg) and ligated with the double-stranded
primers overnight. The ligation mixtures were transformed into
E. coli XL-1 Blue Cells and the correct integration was confirmed
by sequencing (MWG). The vector pTT15 contains the
pQE60_RGD_(truncated)YaaD–DewA–His6 and the vector pTT18
contains the pQE60_LG3_(truncated)YaaD–DewA–His6.
2.3. Heterologous expression and purification of peptide DewA fusion
proteins by separation of the inclusion bodies (IBs)
The vectors pTT15 and pTT18 were transformed in E. coli Roset-
ta (DE3) pLysS cells. Bacterial cultures were grown overnight in
EC3 medium + ampicillin. The protein expression was induced at
an optical density (OD) at 600 nm of between 0.7 and 0.9, with a
final concentration of 0.5 mM IPTG; cells were grown for 4–6 h at
37 !C and 225 rpm. Cells were harvested by centrifugation for
30 min at 10,000 rpm (GSA rotor).
Protein purification was performed by separation and purifica-
tion of inclusion bodies (IBs). The pellet from the production cul-
ture was resuspended in 20 mM NaH2PO4, pH 7.5 (10 ml g!1
biomass). The cells were disrupted under cooling via Pressure Cell
Press (American Instrument Company, 800 PSI). Subsequently, in
order to separate the IBs from the cell debris and soluble proteins,
cells were centrifuged 30 min in a 50 ml reaction tube at 5000 rpm,
4 !C. Cell pellets were resuspended in 20 mM NaH2PO4, pH 7.5 and
pelleted again by centrifugation under identical conditions. Wash-
ing in 40 ml ultrapure water followed by centrifugation was re-
peated three times. To solubilize the IBs, the remaining pellet
was resuspended in ultrapure water and mixed on a magnetic stir-
rer for 20 min after addition of 0.1 M NaOH. The solution was neu-
tralized to pH 8.5–9 with 20% H3PO4and centrifuged a second time.
The protein found in the supernatant was then freeze-dried.
2.4. Isolation and culture of primary human cells
The studies were approved by the local ethics committee and in-
formed consent was obtained from all individuals included in the
study. Bonemarrow sampleswere obtained from patients undergo-
ing total hip replacement or iliac bone graft harvest. MSCs were iso-
lated from fresh bonemarrow samples as described previously [19].
Briefly, cells were fractionated on a Ficoll-Paque Plus density gradi-
ent (GE Healthcare, Freiburg, Germany), and the low-density MSC-
enriched fraction was washed and seeded at a density of
1.25 " 105 cells cm!2 into 0.1% gelatine-coated flasks in an expan-
sion medium consisting of Dulbecco’s modified Eagle’s medium
containing 4.5 mg l!1 glucose (DMEM-HG) (Invitrogen, Germany)
with 12.5% FCS, 2 mM L-glutamine, 1% non-essential amino acids,
0.1% 2-mercaptoethanol (Invitrogen), 100 U ml!1 penicillin,
100 lg ml!1 streptomycin and 4 ng ml!1 human fibroblast growth
factor-2 (Active Bioscience, Germany). Standard culturing condi-
tions were used (37 !C, 6% CO2). After 24–48 h, cultures were
washed with phosphate-buffered saline (PBS) to remove non-
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adherent material. Osteoblasts were grown from trabecular bone
chips in culture medium composed of DMEM-HG containing 10%
foetal calf serum (FCS; Biochrom, Berlin, Germany), 50 U ml!1 pen-
icillin, 50 U l!1 streptomycin, 12.5 mM HEPES, 0.4 mM L-prolin,
50 mg l!1 ascorbic acid and 0.1 lM dexamethasone under standard
conditions at 37 !Cwith 5% CO2. After one passage, themediumwas
switched to an expansion medium consisting of DMEM-HG con-
taining 2% FCS, with 10 ng ml!1 recombinant human epidermal
growth factor (Strathmann Biotech, Hamburg, Germany) and
10 ng ml!1 recombinant human platelet-derived growth factor BB
(Sigma–Aldrich, Deisenhofen, Germany) [20]. Human articular car-
tilage samples were obtained from patients diagnosed with osteo-
arthritis and undergoing total knee replacement surgery. Cartilage
chips were carefully removed from the tibial plateau and condyles,
and washedwith PBS to avoid contamination by other cells. Human
chondrocytes were isolated from cartilage by digestion with colla-
genase B (1.5 mg ml!1) (Roche Diagnostics, Mannheim, Germany)
and hyaluronidase (0.1 mg ml!1) (Serva, Heidelberg, Germany), as
described previously [21]. Human dermal fibroblasts were acquired
from Promocell (Heidelberg, Germany). Chondrocytes and fibro-
blasts were expanded in the same medium as described above for
osteoblasts. During expansion of all cell types, the medium was re-
placed two to three times each week.
2.5. Coating with hydrophobins and characterization of the surfaces by
enzyme-linked immunosorbent assay (ELISA) and fluorescence
microscopy
Coating of cell culture wells (96-well, Greiner, Frickenhausen,
Germany) was performed with DewA, DewA–RGD or DewA–LG3
(each 200 lg ml!1 in water) at 4 !C. All proteins contain a 6-His
tag for purification, which can also be used for immunodetection.
After incubation overnight, the protein solution was removed
and the surfaces blocked for 30 min (phosphate buffer solution
(PBS) containing 0.1% Tween 20 and 5% milk powder). Blocking
and all subsequent steps were done at room temperature. The pri-
mary antibody (anti-His antibody, GE Healthcare; diluted 1:3000
in PBS containing 0.1% Tween 20 and 1% milk powder) was applied
for 1 h. After washing the wells thoroughly in PBS containing 0.1%
Tween 20 four times for 5 min, the Cy3-conjugated secondary anti-
body (diluted 1:5000 in PBS containing 0.1% Tween 20; goat poly-
clonal secondary antibody to mouse IgG (Cy3), Dianova GmbH,
Hamburg) was added. The wells were incubated for 1 h in the dark,
washed as described above and air-dried. Next, 50 ll of PBS con-
taining 0.1% Tween 20 was added to the wells and the samples
analysed in a plate reader (Infinite" 200 PRO, Tecan, Männedorf,
Switzerland). The plate reader was adjusted with the excitation
wavelength of 550 nm, an emission wavelength of 570 nm and
10 flashes per well. The same wells were characterized in a fluores-
cent microscope at 5" magnification (AxioImagerZ.1, Software:
AxioVision V4.5; Camera: AxioCam MR; Carl Zeiss, Oberkochen,
Germany).
2.6. Adhesion of human cells
For the adhesion assay, culture wells (96-well plates, Greiner,
Frickenhausen, Germany) were either left empty or exposed to
solutions of 10 lg ml!1 fibronectin (Calbiochem, Darmstadt, Ger-
many) or DewA variants (2–200 lg ml!1 in water) overnight at
4 !C. Wells were then washed twice with PBS. In order to block cell
adhesion on possible uncoated areas, subsequent incubation with
2% bovine serum albumin (BSA; Sigma) was performed for 2 h at
room temperature, followed by a washing step with PBS. This
Fig. 1. Schematic representation and modelling of the DewA fusion proteins. (A) Schematic representation of the sequence of the expression constructs and masses of
hydrophobin DewA with the truncated fusion protein yaaD, the binding motifs RGD or LG3 and a 6 " His tag. (B) Sequences of the expressed constructs. Strongly hydrophobic
amino acids are highlighted in blue; the characteristic hydrophobin cystein motif is highlighted in red. Amino acids of the fusion construct linking to the RGD or LG3 motif are
printed with a grey background. (C, E) Free-energy and exposed surface area per amino acids of all generated models for RGD fused with yaaD (MET1–ARG51) and DewA
(MET52–VAL176) (C), and for LG3 fused with yaaD (MET1–ARG60) and DewA (MET61–VAL185) (E). The lowest energy conformations are marked with a red dot. (D) Cartoon
and surface visualization of the best energy model of the full engineered protein variant fused with RGD. The model features two distinct domains: the hydrophobin domain
MET52–VAL176 (light blue) and the hydrophobic loops (dark blue); and the fusion-interaction domain MET1–ARG51 (green) with the RGD (magenta). (F) Cartoon and surface
visualization of the best energy model of construct LG3 (magenta) fused with yaaD (MET1 – ARG60, green). The DewA domain (MET61–VAL185) is not shown.
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blocking step was also performed on the uncoated wells used as
negative controls.
In order to exclude variations due to cell-specific expansion, the
media, MSCs, chondrocytes, osteoblasts and fibroblasts applied in
adhesion assays were all expanded in the same low (2%) serum-
containing medium as described above for osteoblasts. Cells ex-
panded for three passages in this medium were trypsinized and
resuspended in DMEM-HG without additives. Then 100 ll of
DMEM-HG containing 104 cells was transferred to each well of
96-well plates in duplicate and incubated at 37 !C. After 1 h, the
plates were washed with PBS using an ELISA washer (Anthos, Kre-
feld, Germany) to remove non-adhered cells. The remaining cells
were fixed in 70% ethanol, washed and their nuclei stained with
1 lg ml!1 Hoechst dye (Sigma) at 37 !C. Three microscopic fields
were photographed in each well (10"magnification) and the num-
ber of cells in each field was determined using the AxioVision soft-
ware (Zeiss, Jena, Germany).
2.7. Proliferation assay
Ninety-six-well plates were coated as in detailed in Section 2.6.
To analyse the proliferation rates on the coated surfaces, 4 " 103
MSCs per well was seeded in coated 96-well plates in triplicate.
After 24 h, medium was replaced with fresh medium containing
0.25 lCi of [methyl-3H]thymidine (GE Healthcare, Germany) per
well. Cells were incubated for 18 h, washed and lysed in 1% Triton
X-100. Half the cell lysates were transferred into tubes containing
2 ml of scintillation cocktail (Perkin Elmer, Waltham, USA). Radio-
activity was measured with a WinSpectral 1414 liquid scintillation
counter (Perkin Elmer, USA). The remaining cell lysates were di-
gested overnight at 60 !C with 100 lg ml!1 proteinase K (Roche,
Germany) in Tris–HCl, pH 8. DNA concentrations were measured
with a Quant iT PicoGreen dsDNA Assay Kit (Invitrogen, Germany)
according to the manufacturer’s instructions.
2.8. Osteogenic differentiation and alkaline phosphatase activity assay
Twenty-four-well plates were coated as in Section 2.6:
3.5 " 104 MSCs were seeded on coated wells of 24-well plates
and incubated at 37 !C. After 1 h, the plates were washed with
PBS and osteogenic medium composed of DMEM-HG containing
10% FCS, 0.1 lM dexamethasone, 0.17 mM ascorbic acid 2-phos-
phate, 10 mM b-glycerophosphate (Sigma–Aldrich, Germany) and
1% penicillin/streptomycin was added. After 14 days, two wells
each were used for assessment of alkaline phosphatase (ALP) en-
zyme activity. Cells were lysed with 1% Triton X-100 detergent in
PBS, scraped off the plate and stored at !80 !C. ALP activity was as-
sessed by diluting 50 ll of sample extract with 50 ll of ALP buffer
(0.1 M glycine, 1 mM MgCl2, 1 mM ZnCl2, pH 10.4) and incubating
with 100 ll of ALP buffer plus 1 mg ml!1 p-nitrophenylphosphate.
The conversion to p-nitrophenol (p-NP) was measured spectropho-
tometrically at 405/490 nm after 1 h of incubation. The total pro-
tein concentration was determined with a Micro BCA™ Protein
Assay Reagent Kit (Pierce Biotechnology, IL) according to manufac-
turer’s instructions. The specific amount of ALP was evaluated as
the amount of p-NP normalized with the amount of total protein.
2.9. Adipogenic differentiation
Twenty-four-well plates were coated as in Section 2.6:
3.5 " 104 MSCs in 400 ll of expansion medium were transferred
on coated wells of 24-well plates and incubated at 37 !C. After
1 h, the plates were washed with PBS and adipogenic medium
composed of DMEM-HG, containing 10% FCS, 0.01 mg ml!1 insulin,
1 lM dexamethasone, 0.2 mM indomethacin, 0.5 mM 3-isobutyl-
1-methyl xanthine, 100 U ml!1 penicillin, and 100 mg ml!1 strep-
tomycin was applied for 3 weeks. After fixation of washed cells
in 4% paraformaldehyde, they were stained with 0.5% Oil Red O
to visualize intracellular triglycerides (Chroma, Germany) [19]. In
order to quantify lipid accumulation, Oil Red O was extracted from
the cells by incubation with 60% isopropanol for 2 h at 37 !C and
the OD at 490 nm was subsequently measured. Total protein con-
centrations, determined with the Micro BCA™ Protein Assay Re-
agent Kit from parallel wells, were used for normalization.
2.10. Chondrogenic differentiation and quantification of proteoglycan
content
For induction of chondrogenesis at high cell density in three-
dimensional culture, spheroids were formed by inclusion of a cell
suspension into fibrin (Tissucol Duo STM, Baxter, Unterschleiss-
heim, Germany) as described previously [22]. A solution containing
70–110 mg ml!1 fibrinogen was diluted 1:15 in PBS containing 0 or
4 lg of DewA, and a solution containing 500 IU ml!1 of thrombin
was diluted 1:50 in PBS. Some 4–5 " 105 MSCs were suspended
in 25 ll of the diluted fibrinogen solution and mixed with 25 ll
of diluted thrombin solution. Medium was changed three times
within the next 30 min to adjust the pH. The materials were al-
lowed to gel at 37 !C before chondrogenic medium, consisting of
DMEM-HG supplemented with 5 mg ml!1 insulin, 5 mg ml!1 tran-
ferrin, 5 mg ml!1 selenous acid, 0.1 mM dexamethasone, 0.17 mM
ascorbic acid-2-phosphate, 1 mM sodium pyruvate, 0.35 mM pro-
line, 1.25 mg ml!1 BSA and 10 ng ml!1 transforming growth factor
b3 (TGF b3; Sigma Aldrich), was added. Cells were kept in induc-
tion medium at 37 !C under 6% CO2 for 42 days. After this period,
spheroids were fixed and stained as described previously [23]
according to standard procedures using Alcian blue (1%; Chroma,
Köngen, Germany) or a monoclonal mouse anti-human collagen
Type II antibody (clones I-8H5 and II-4C11, ICN Biomedicals, Aur-
ora, Ohio, USA). For quantification of proteoglycan content, differ-
entiated spheroids (2 per donor) were washed with PBS and
mechanically crushed in 0.5 ml of guanidine hydrochloride
(GuHCl) extraction buffer (4 M GuHCl/100 mM Tris, pH 8.5). After
incubation (30 min, 4 !C) and centrifugation (13,000 rpm, 15 min,
4 !C), extracted proteoglycan in the supernatant was quantified
with Alcian blue following Bjornsson [24]. In brief, chondroitinsul-
phate (3.125–200 lg ml!1) was used as a standard. A 50 ll volume
of SAT buffer (0.3% H2SO4; 0.75% Triton X-100 in aqua dist.) was
added to 100 ll of supernatant before shaking for 15 min. One vol-
ume of Alcian blue stock solution (3% (w/v) Alcian blue (Roth) in
0.1% H2SO4, 0.4 M GuHCl) was mixed with 5 volumes of SAT buffer
and 9 volumes of H2O; 750 ll of this Alcian working solution was
added. After 30 min at room temperature and shaking, the precip-
itate was harvested by centrifugation (15 min, 13,000 rpm, room
temperature) and the supernatant rejected. The pellet was washed
in 500 ll of dimethylsulphoxide buffer (40% DMSO; 0.05 M MgCl2
in aqua dist.), kept at room temperature for 15 min, centrifuged
(15 min, 20,000g) and the supernatant again rejected. In the fol-
lowing step, the pellet was dissolved in 500 ll of guanidine/propa-
nol buffer (4 M GuHCl, 33% n-propanol; 0.25% Triton X-100). Two
aliquots (200 ll) were transferred to 96-well flat-bottom plates
and the absorbance was measured at 650 nm.
2.11. Adhesion of MSCs to titanium surfaces
Ti90/Al6/V4 (Goodfellow, London, UK) foil was cut into discs
13 mm in diameter using a water jet cutting system, and the discs
were processed as described previously [25]. Briefly, the discs were
sanded with 800, 1200 and 2500 grit silicon carbide paper, pol-
ished with colloidal silica on a ChemoMet Polishing Cloth, rinsed,
sonicated twice in dichloromethane, acetone, methanol and Milli-
pore water for 10 min each, dried in a stream of nitrogen and
1040 S. Boeuf et al. / Acta Biomaterialia 8 (2012) 1037–1047
stored under vacuum at 120 !C. Before use they were sonicated
twice in dichloromethane, acetone, methanol and finally Millipore
water for 10 min and dried in a stream of nitrogen.
Titanium discs were either left uncoated or were coated in 24-
well plates under 700 ll of a solution of fibronectin (10 lg ml!1) or
of the DewA variants (200 lg ml!1) overnight at 4 !C and washed
with PBS. Discs were blocked with 2% BSA for 2 h at room temper-
ature and washed once with 1" PBS. MSCs from four donors were
expanded in Verfaille medium until passage 3. Prior to adhesion,
MSCs were labelled with 100 lg ml!1 carboxyfluorescein succin-
imidyl ester (CFSE; 10 mg ml!1 in DMSO; Invitrogen, Molecular
Probes) for 30 min, agitating at 37 !C. Cells were washed twice
and resuspended in DMEM at 106 cells per ml. A 0.1 ml aliquot of
the cell suspension was incubated on pretreated titanium discs
for 1 h at 37 !C, washed using an ELISA washer (Fluido2, anthos),
fixed in 70% ethanol for 20 min at 4 !C and embedded in Aquatex
(Merck).
The discsweremounted on coverslips and imaged on a Zeiss Axi-
oplan 2microscope using the stitching functionwith 0% overlap and
focus correction to produce a composed image of the complete tita-
niumdisc. Image analysis was performedwith ImageJ version 1.43t,
converting composed mosaics into 8-bit images. All images were
processed equally before analysing the area fractions covered by
cells. Briefly, the ImageJ ‘‘brightness and contrast’’ function was set
to a minimum of 10 and a maximum of 50. This setting was tested
in advance to subtract background signal, while permitting the
detection of small single cell spots without increasing light scatter-
ing of brighter colonies. The ‘‘threshold’’ function was set to default
algorithm in black and white mode. The settings for a lower and an
upper limit were 0 and 100, respectively. The region of interest was
definedas a circlewith8900 " 8900 pixels framing the chipborders.
Area fractions were retrieved applying the ‘‘measure’’ function.
2.12. Bacterial adhesion assay
The S. aureus strain ATCC 49230 (American Type Culture Collec-
tion) was grown overnight on Columbia blood agar plates and sub-
sequently inoculated into trypticase soy broth (TSB; Becton
Dickinson, Cockeyville, USA). The concentration of bacteria was
determined using a McFarland standard (Densimat, bioMerieux).
In order to stain bacteria, 108 colony-forming units (CFU) in 1 ml
of TSB was incubated with 10 ll of CFSE for 30 min at 31 !C. The
bacteria were then washed twice by centrifugation and finally
resuspended in TSB at 108 CFU per ml.
Titanium discs were coated as described in Section 2.11. For bac-
terial adhesion on one disc in one well, 1 ml of bacterial solution
with 107 CFU of S. aureus in TSB was added and incubated for 1 h
at 37 !C. Thereafter, the discs were washed thoroughly by dipping
in PBS and fixed with 70% ethanol for 20 min. The discs were
mountedoncoverslips and imagedasdescribed in Section2.11,with
settings for lower and upper cut-offs set at 0 and 40, respectively.
2.13. Statistics
Mean values and standard deviationswere calculated for all vari-
ables. The non-parametric Wilcoxon test was applied for the analy-
sis of differences in cell behaviour ondifferent coatings. A two-tailed
significance value of p < 0.05 was considered significant. Data anal-
ysis was performed with SPSS for Windows 16.0 (SPSS Inc., USA).
3. Results
3.1. Molecular modelling of genetically engineered DewA
In order to engineer cell-adhesive DewA surfaces, it was
necessary to design genetically modified DewA variants. Among
peptide sequences promoting cell adhesion, the RGD sequence
(DewA–RGD) and a 12 amino acid long LG3 sequence (DewA–LG3)
were selected (Fig. 1A). Structure-prediction methods were used
to generate a model of proteins comprising hydrophobin, fusion
construct and binding domain (Fig. 1A, D and F) to elucidate where
these DewA-binding adhesion motives would be accessible on the
protein surface, as potential bindingpartners. Analysis of themodels
demonstrated that the protein comprises two distinct domains
(DewA–RGD:hydrophobindomainMET52–VAL176, fusion-interac-
tion domain MET1–ARG51). The hydrophobin domain exhibited a
characteristic beta-barrel structure stabilized by cysteine-bridges
(CYS99–CYS165, CYS102–CYS159, CYS103–CYS135, CYS166–
CYS173 for DewA–RGD) and four beta-sheets (ILE100–CYS103,
CYS135–LYS137, ILE162–CYS165, CYS173–VAL176 for DewA–
RGD), while the binding domains formed an unstructured confor-
mational ensemble at the N-terminus of the fusion-protein domain.
Additionally, two large unstructured hydrophobic loops were iden-
tified which give the hydrophobin its characteristic amphipathicity
(SER105–SER133 and LYS137–PRO157 for DewA–RGD). Two popu-
lations of different solvent exposure of the RGD motif were identi-
fied among simulated ensembles seen in Fig. 1C. Most structures
in the ensemble exhibited tightly packed helical folds for the trun-
cated fusion protein domain and no apparent secondary structure
for the RGDmotif.While the lowest energy structure of the complex
featured a solvent exposure of 80 Å2 per amino acid of themotif, the
second cluster, with a mean solvent exposure of 150 Å2 per amino
acid, was separated by less than 1 kcal mol!1. Models from both
clusters showed the RGD motif to be exposed to the solvent.
Fig. 1D illustrates that the best energy model for the RGD motif lies
in plane with the hydrophobic amino acids of the hydrophobin.
When estimating the partition between the two populations at
120 Å2 surface areaper aminoacid, thepopulationof structureswith
a mean accessible surface of about 80 Å2 comprised 9100members,
while the population with a mean accessible surface area of about
150 Å2 comprised 6000 members. The overall ratio was therefore
roughly 2:3. The best energy structure was found in the 80 Å2
population.
A mean solvent exposure of the LG3 motif of 80 Å2 per amino
acid was found inside the single cluster of simulated models
(Fig. 1E). Compared to the RGD structure, the LG3 motif may tend
to be less exposed to the solvent in the tertiary fold. Observed tight
packing of the binding peptide to the fusion domain can be ex-
plained by the large number of hydrophobic amino acids in the
LG3 sequence (Fig. 1A); however, the low-energy ensemble con-
tained many models in which a large fraction of LG3 is exposed
to the solvent. Modelling showed that both DewA fusion proteins
may be able to enhance cell adhesion; therefore, these proteins
were synthesized and purified for subsequent testing.
3.2. Coating surfaces with DewA fusion proteins
Hydrophobin and modified hydrophobins were expressed in
E. coli and purified as described in Materials and methods. Cell
culture wells were coated with the hydrophobin-containing frac-
tion at a concentration of 200 lg ml!1, and incubated overnight at
4 !C. To ensure that comparable coatings were obtained, surfaces
were characterized for the amount of bound hydrophobin using
antibodies derived against the His tag of the proteins. Primary
antibody detection was achieved with a Cy3-labelled secondary
antibody. Fluorescence levels were quantified in a plate reader
(ELISA) and suggested comparable amounts of bound protein
(Fig. 2A). In addition, wells were analysed by immunofluores-
cence microscopy to assess spatial distribution of the proteins
(Fig. 2B). Fluorescent images confirmed the ELISA data of compa-
rable protein amounts, and also revealed that hydrophobins were
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heterogeneously distributed, resulting in an unevenly coated
surface.
3.3. Cell adhesion on surfaces coated with DewA fusion proteins
Adhesion of MSCs was tested on surfaces coated with DewA,
DewA–RGD, DewA–LG3 and fibronectin, a common component
of wound fluid which is expected to coat implants in vivo and
was used as a positive control. Adhesion on laminin was ana-
lysed in preliminary experiments and showed similar levels as
fibronectin for all cell types (data not shown). Both modified
DewA proteins showed significantly elevated levels of MSC
adhesion compared to wild-type DewA (Fig. 3A). Adhesion to
DewA–RGD and DewA–LG3 remained significantly lower than
with fibronectin (p < 0.05). At a concentration of 20 lg ml!1,
adhesion to DewA–RGD was significantly higher than with
DewA–LG3 (p = 0.031).
In order to test other cell types relevant to the context of bone,
adhesion of osteoblasts, chondrocytes and fibroblasts (four donors
each) were quantified on surfaces coated with 200 lg ml!1 DewA
variants. More cells from each cell type tended to adhere to
DewA–RGD and DewA–LG3 than DewA, which suggests a similar
pattern as with MSCs (Fig. 3B); however, the differences were
not significant, possibly owing to the low number of donors (i.e.
low sample size).
3.4. Proliferation of MSCs on DewA surfaces
In order to assess whether DewA-coated surfaces have cyto-
toxic effects, proliferation of MSCs on surfaces coated with
DewA, DewA–RGD and DewA–LG3 was monitored as [3H] thymi-
dine uptake over 18 h incubation (Fig. 3C). DNA concentrations
of cell lysates after incubation with [3H] thymidine were used
to normalize [3H] thymidine uptake for cell numbers on the dif-
ferent coated surfaces. Coating with different concentrations of




















Fig. 2. Characterization of hydrophobin-coated culture wells. (A) Quantification of
the relative fluorescence. For each sample the bottoms of five wells were analysed
for fluorescence at five spots each in a plate reader. Excitation of Cy3 was achieved
with 10 flashes. The mean value of all measurements was corrected for the value
obtained in the control (PBS with Tween). (B) Immunofluorescence of the wells.
Pictures of the control and the DewA–LG3 coated well were corrected for contrast
and brightness using identical parameters. Pictures for DewA–RGD and DewA are
















































































Fig. 3. Cell adhesion and proliferation on surfaces coated with DewA variants. For
the quantification of cell adhesion, cells were allowed to adhere for 1 h. After
fixation, the number of adherent cells per mm2 was counted in three randomly
selected photographic fields. (A) MSCs (n = 7 donors) were allowed to adhere to
surfaces coated with BSA (2%), fibronectin (10 lg ml!1) and various concentrations
of the hydrophobins DewA, DewA–RGD and DewA–LG3. ⁄Significant difference in
comparison to DewA at the same concentration and to fibronectin; #significant
difference in comparison to DewA–LG3 at the same concentration (p < 0.05). (B)
Osteoblasts (Ob), chondrocytes (HAC) and fibroblasts (Fib) were allowed to adhere
to surfaces coated with BSA, fibronectin and 200 lg ml!1 of DewA, DewA–RGD and
DewA–LG3 (n = 4 donors for each cell type). (C0) The [3H] thymidine uptake of
MSCs (n = 3) with uncoated surfaces and on surfaces coated with DewA, DewA–RGD
and DewA–LG3 were quantified and normalized with DNA content. Thymidine
uptake is shown as uptake measured in MSCs on uncoated wells (%).
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3.5. Differentiation of MSCs in the presence of DewA
MSCs were seeded in coated and uncoated cell culture wells,
and osteogenic and adipogenic differentiation were induced. The
ALP activity in MSCs after 3 weeks of in vitro osteogenesis did
not differ between the uncoated surface and the surfaces
coated with fibronectin or DewA variants (Fig. 4A). The adipo-
genic differentiation potential of MSCs was also not affected
by the different coatings, which is indicated by equal levels of
Oil Red O-stained intracellular triglyceride accumulation
(Fig. 4B–D).
In order to evaluate a possible effect of DewA on chondrogene-
sis, MSCs were embedded into a fibrin gel in the presence or ab-
sence of DewA. Chondrogenic differentiation was induced by a
chondrogenic medium containing 10 ng ml!1 TGFb3. The immuno-
histochemical analysis of MSC pellets after 42 days’ induction re-
vealed similar chondrogenic differentiation with or without
DewA (Fig. 4E–H). There was a trend for lower proteoglycan depo-
sition in the presence of DewA (77% of control), but this was not
significant; therefore, DewA and the variants DewA–RGD and
DewA–LG3 showed no evidence of interference with the differen-
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Fig. 4. Osteogenic, adipogenic and chondrogenic differentiation of MSCs in the presence of DewA. Osteogenic and adipogenic differentiation was induced in MSCs (n = 3)
seeded on cell culture wells coated with fibronectin (10 lg ml!1), DewA, DewA–RGD and DewA–LG3 (20 lg ml!1) or left uncoated. All wells were blocked with BSA to cover
uncoated areas. Osteogenic differentiation was quantified after 14 days by assessing alkaline phosphatase enzyme activity in cell lysates and normalized with protein
concentrations. Enzyme activity is shown as a percentage of the activity of MSCs in uncoated wells (A). After 21 days of adipogenic differentiation, the Oil Red O incorporation
in MSCs was quantified and expressed in relation to levels in MSCs differentiated on uncoated wells (B). A representative example of MSCs after adipogenesis on an uncoated
well (C) and on a well coated with DewA (20 lg ml!1) (D). Chondrogenic differentiation of MSCs (n = 5) was induced in pellets formed with fibrin glue only (E, G), and with
fibrin glue supplemented with DewA (F, H). After 42 days, collagen Type II accumulation was evaluated by immunohistochemistry (E, F) and the accumulation of
proteoglycans by Alcian blue staining (G, H). Representative pellets from one donor are shown.
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3.6. Adhesion of MSCs and S. aureus to titanium surfaces
In order to test the functionality of modified DewA variants in a
setting similar to the in vivo conditions in patients, titanium was
used as a coating substrate. Coating was performed as previously
and a similar level of adsorption as observed on the plastic wells
was assumed. This hypothesis could be further analysed in future
work. MSCs stained with CFSE were exposed for 1 h to coated
and uncoated titanium discs. After washing, the entire surface of
the titanium discs was photographed (Fig. 5A) and the percentage
of the disc covered with MSCs was quantified (Fig. 5F). MSC
adhesion with DewA–RGD was significantly higher compared to
MSC adhesion with DewA and the negative control (p = 0.014 for
both). For DewA–LG3, a minor but non-significant trend was
observed.
Subsequently, we tested whether insertion of sequences pro-
moting cell adhesion in DewA would modify interactions with
bacteria, potentially affecting the risk of implant infection. This
was achieved by quantifying the adhesion of S. aureus on
DewA-coated titanium surfaces. Mimicking in vivo conditions in
patients, an S. aureus strain primarily isolated from a patient with
chronic osteomyelitis was used. Some 107 CFU of S. aureus
stained with CFSE was exposed to titanium discs for 1 h. After
washing, the entire surface of the titanium discs was photo-
graphed (Fig. 6A) and the percentage of the disc covered with
bacteria was estimated (Fig. 6F). Bacterial adhesion was highest
on titanium coated with fibronectin. Surfaces coated with DewA,
DewA–RGD and DewA–LG3 showed similar levels of adhesion,
which was significantly higher than for uncoated surfaces and
significantly lower than surfaces pre-exposed to fibronectin
(p < 0.05). DewA on titanium resulted in less bacterial adhesion
than fibronectin, while the insertion of cell adhesion motifs in
DewA did not increase the adhesion potential of S. aureus further,
indicating that the bacteria, unlike other cells, did not use the
RGD motif for attachment.
4. Discussion
Hydrophobins are interesting candidates for use in medical
applications based on their ability to self-assemble and form thin,
stable layers, as well as their apparent absence of immunogenicity
and toxicity [3]; however, hydrophobins appear to be incapable of
mediating mammalian cell adhesion. We have shown that adhe-
sion of various human cell types to hydrophobin DewA is low after
1 h, and not significantly higher relative to uncoated tissue culture
or titanium surfaces. Similar behaviour has been observed with the
class I hydrophobin SC3, where only low numbers of fibroblasts
were found after 3 days of incubation, and there was no measur-
able effect on proliferation [1]. Another example of this was the
low numbers of rat neuronal stem cells found on surfaces coated
with the hydrophobin HFBI after 24 h incubation [26]. Our data
support these previous findings, showing that human cell adhesion
is indeed low on surfaces coated with a class I hydrophobin.
In order to benefit from the biophysical properties of hydropho-
bins in applications where cell adhesion is requested, the engineer-
ing of genetically modified hydrophobins by insertion of motifs
allowing cell anchoring appears to be an attractive strategy. Conse-
quently, our construction of the two modified variants of DewA, in
which the RGD [11] and the laminin globular domain LG3 [13]
binding sites for integrin receptors were inserted, improved adhe-
sion. Coatings with DewA molecules bearing one RGD or one LG3
motif allowed significantly greater adhesion compared to DewA
in tissue culture wells; therefore, creating cell adhesive surfaces
can be achieved with these fusion proteins.
Models of these fusion proteins exhibited a two-domain struc-
ture. Hydrophobins can be identified by a distinct sequence motif
of eight cysteine amino acids, which form a very stable beta-bar-
rel-fold structure due to four intramolecular disulphide bonds
[14]. One of the domains of the fusion proteins corresponded pre-
dictably to an intact amphipathic DewA domain with a large
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Fig. 5. Adhesion of MSCs on titanium discs coated with fibronectin and DewA variants. Fluorescent images of MSCs stained with CFSE on the coated surface of titanium
discs were converted to black and white 8-bit images. An overview on a representative titanium disc coated with fibronectin (A) and detailed views on an uncoated disc
(B) and discs coated with fibronectin (C), DewA (D), DewA–RGD (E) and DewA–LG3 (F). The fraction of the surface of the disc covered with MSCs was quantified
using the ‘‘measure’’ function of ImageJ and is shown as a percentage (G). ⁄Significantly higher than DewA and uncoated; #significantly higher than all other surfaces
(p < 0.05).
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sion as seen in the experiments. Both RGD and LG3 motifs are part
of the second domain, including the fusion peptide, and are found
to be exposed at least partially in many of the low-energy models.
The RGD motif was identified as facing the same side as the hydro-
phobic loops, indicating that it is exposed to area accessible by
cells, which is supported by the experimentally observed increased
adhesion of cells to the engineered binding-peptide mutants.
On the basis of the proposed orientation (hydrophobic loop up)
of the DewA–RGD variant, we estimate an area of 13 nm2 per pro-
tein/RGD motif or 8 ! 1010 ligands per mm2 for perfect packing,
but the apparent surface density is lower. We can estimate the cov-
ered surface for a DewA–RGD covering used in the cell adhesion
studies as about 20% of the total surface. This was estimated by
counting the fluorescent pixels on a sample of about 1 mm2. A sim-
ilar surface density of RGD was reported by Le Saux et al. [27].
Using a variety of mirror-polished and etched silicone materials,
they investigated the influence of RGD ligand density and surface
roughness for endothelial cell adhesion. For an observed RGD den-
sity of 6 ! 1011 ligands per mm2, they report 700 endothelial cells
mm"2 for a mirror-polished surface, which fell to 300 cells mm"2
for a silicone surface etched for 10 min. Adherent endothelial cells
featured a mean cell surface of 400 lm2. The cells used in this
investigation featured a surface area of roughly 700–1000 lm2.
Our investigations were done in cell culture wells of unknown
roughness; however, the number of cells for the fibronectin posi-
tive control is comparable to the etched silicone (300 vs.
180 cells mm"2), considering the increased surface area of the
stem cells. The efficiency of 60% of the RGD-modified hydrophobin
construct in comparison to the fibronectin-positive control can be
explained by the unordered surface coverage of 20%. An expected
efficiency of 20% is incorrect, as shown by Le Saux et al. [27]. They
showed that a decreased RGD ligand density can actually lead to
increased endothelial cell binding. Our sample showed unordered
ligand densities; therefore a lower efficiency is to be expected.
Furthermore, it should be noted that surface coating with DewA
was heterogeneous in this study. Whereas the A. nidulans
hydrophobin RodA is able to form rodlets on the spore surface,
DewA does not have this ability [28,29]. Rodlet formation on arti-
ficial surfaces has not yet been observed for either DewA (Fig. 2B)
or RodA (unpublished data). More homogeneous surfaces can be
obtained at higher temperatures, as was discovered in an indepen-
dent project [30]; however, as the amount of each DewA variant on
the cell culture wells was the same, this heterogeneity did not
interfere with the differences observed between them.
The RGD cell attachment site has been described well, and it
allows cell adhesion that can be mediated through about half of
the existing integrin receptors [12]. Adhesion to the globular do-
main of laminin has been shown to be mediated by the 12 amino
acid motif PPFLMLLKGSTR [13]. Adhesion to this domain is medi-
ated by the integrin a3b1, as has been shown for human keratino-
cytes [13] and MSCs [31]. As integrin a3b1 does not play an
important role in adhesion to RGD motifs [32,33], adhesion to
the modified DewA variants bearing the RGD and LG3 motif is
likely mediated by different integrins. Relatively low adhesion on
DewA–LG3 could be attributable either to a less exposed confor-
mation of the fusion protein or to differential adhesion potentials
of cells to RGD and LG3. However, as a further development, our
results raise the possibility of creating DewA surfaces that target
different cell adhesion receptors, which could allow selective adhe-
sion of specific cell types.
Proliferation of MSCs on DewA surfaces was not altered in com-
parison to fibronectin or uncoated cell culture wells. This is in line
with studies of other hydrophobins showing the absence of cyto-
toxicity [1,26]. Nonetheless, the differentiation potential of MSCs
in contact with hydrophobins has not previously been analysed.
Our study demonstrated that DewA does not affect the differenti-
ation potential of MSCs towards the osteogenic, adipogenic and
chondrogenic lineage. Moreover, DewA fusion proteins including
RGD and LG3 did not modify the potential of MSCs for osteogenic
and adipogenic differentiation. The differences in cell adhesion of
these molecules, in comparison to fibronectin, did not appear to
be relevant to the differentiation of MSCs over several weeks. Stud-
ies have reported a stimulatory effect of RGD and a larger sequence
from the LG3 domain on osteogenic differentiation in experimental
settings that differed substantially from ours [31,34]. Under the
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Fig. 6. Adhesion of S. aureus to titanium discs coated with fibronectin and DewA variants. Fluorescent images of S. aureus stained with CFSE on the coated surface of titanium
discs were converted to black and white 8-bit images. An overview of a representative titanium disc coated with fibronectin (A) and detailed views on an uncoated disc (B)
and discs coated with fibronectin (C), DewA (D), DewA–RGD (E) and DewA–LG3 (F). The fraction of the surface of the disc covered with S. aureus was quantified using the
‘‘measure’’ function of ImageJ and is shown as a percentage (G). ⁄Significantly lower than fibronectin, significantly higher than uncoated; #significantly higher than uncoated
(p < 0.05).
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however, hydrophobins could permit the design of surfaces with
osteoinductive properties, for example by combining DewA–RGD
or DewA–LG3 coatings with DewA proteins fused to modular pep-
tides that promote osteogenic differentiation [35].
Infections of prosthetic implants represent a serious complica-
tion with potentially devastating consequences [9]. Bacterial adhe-
sion represents the first step leading to the formation of biofilms,
which are crucial for the virulence of the infection. Adhesion of S.
epidermis on fibronectin has been extensively analysed and has
been shown to correlate to the potential for biofilm formation on
fibronectin [36]. Until now, the interaction of hydrophobins with
bacteria typically implicated in nosocomial infections has not been
investigated. Although we found a higher adhesion of S. aureus to
titanium coated with DewA than on uncoated titanium, bacterial
adhesion to DewA was significantly lower than with fibronectin,
a common component of wound fluid. This finding suggests that
our adhesion assay of surfaces coated with DewA, DewA–RGD or
DewA–LG3 equally induce lower bacterial adhesion than fibronec-
tin, which may form a coating on the titanium immediately post-
implantation. Even more importantly, bacterial adhesion was not
enhanced by the insertion of motifs that allow anchoring of human
cells, which agrees with the hypothesis that, relative to other cells,
bacteria uses an alternative form of attachment. This indicates that
our insertion of the RGD motif to encourage adhesion to human
cells would not increase the risk of infectious bacteria attaching
to these surfaces. Overall, DewA–RGD thus appears to be an attrac-
tive coating to produce surfaces with enhanced human cell adhe-
sion, but which do not support bacterial biofilm formation.
5. Conclusions
We have shown that a scalable synthesis of hydrophobins
bearing motifs encouraging anchoring of human cells is possible,
and these hydrophobins can be used to produce surfaces
enhancing the adhesion of human cells such as MSCs, osteo-
blasts, fibroblasts and chondrocytes. Furthermore, these modified
hydrophobins did not interfere with the functionality of MSCs.
The enhanced cell adhesion on surfaces coated with the modified
hydrophobins DewA–RGD and DewA–LG3 could therefore be
coupled to proliferation and differentiation of MSCs on these
surfaces, allowing good integration of the coated surface with
the neighbouring tissue. Improved cell adhesion potential of hu-
man cells on these surfaces was not coupled with enhanced bac-
terial adhesion and therefore does not introduce increased risk
of bacterial infection.
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Appendix A. Figures with essential colour discrimination
Certain figures in this article, particularly Figs. 1, 2 and 4, are dif-
ficult to interpret in black and white. The full colour images can be
found in the on-line version, at doi:10.1016/j.actbio.2011.11.022.
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3Introduction
Microbial biofilms are an extremely successful
way of life. Bacteria and fungi benefit in this
symbiotic life form of metabolic exchange, pro-
tection and genetic flexibility. They produce a
matrix of organic molecules in which they are
embedded and which offers new habitats to
other organisms, such as other bacteria or
fungi. Biofilms cannot be avoided to colonize
surfaces in unsterile habitats. So, they can be
found everywhere in nature and in technical
systems, but they play an ambivalent role. On
the one hand biofilms are essential to degrade
and transform water contaminations, but on
the other hand they can diminish product qual-
ities and damage capital equipment. Biofilms
can cover medical equipment such as catheters
and pathogenic bacteria, which may be living in
the biofilms, are a continuous source of infec -
tion of the patients. In addition, the metabolism
of the biofilm microorganisms may change the
composition of the fluids or contaminate them
with their products. As biofilms are all-round,
the understanding of the biofilm formation and
its manipulation are of prime importance in
microbiology and material sciences.
The choice of a material and the correspond-
ing surface properties like mechanical proper-
ties, structure, polarity, and chemistry influence
the binding of various molecules and cells. The
surface properties affect the biocompatibility of
a material and consequently also bacterial
adhesion, and biofilm growth. In this project
hydrophobins are used as a novel modification
of surfaces to change surface properties like
hydrophobicity and thus might have an effect
on biofi lm formation. 
Hydrophobins are fungal proteins, which self-
assemble on hydrophobic as well as hydrophilic
surfaces into extremely stable monolayers. Re -
combinant hydrophobins provide the opportu-
nity to use these highly surface-active proteins
for large-scale surface coatings. Hydrophobins
are non-toxic and can be used for surface
modification and functionalization (with e.g.
enzymes) of industrial re levant materials like
steel, plastics, and ceramics.
In this project hydrophobin coated surfaces
and their properties are studied with respect to
bacterial cell adhesion, cell differentiation, and
cellular growth with the aim to influence
biofilm formation.
In the first part of the project recombinant
hydrophobins were produced and purified.
Different surfaces were coated with hydropho-
bins and characterized, since the coating effi-
ciency is the basis for subsequent biofilm for-
mation studies. Biofilms were grown on natu-
ral as well as hydrophobin coated surfaces and
different methods were established to analyse
biofilm formation. 
HYDROPHOBINS – Using hydrophobins 
to prevent microbial biofilm growth on 
mineral surfaces
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4Since the hydrophobin coated surfaces did not
reduce microbial growth, we designed modi-
fied fusion hydrophobins and attached cation-
ic antimicrobial peptides (AMPs) to the hydro -
phobins. 
1. Hydrophobins
Hydrophobins are small proteins with about
100 amino acids, which are produced by fila-
mentous fungi. In nature they coat the surface
of fungal spores to ease the growth out of the
ground and to protect the spore itself. It is
recently known that hydrophobins also prevent
the human immune recognition of airborne
fungal spores. 
There are two classes of hydrophobins, which
only differ in the arrangement of eight highly
conserved cysteine residues. Self-assembled
monolayers formed by class I hydrophobins are
more stable than those formed by class II
hydrophobins. For our research we are using
DewA, which is produced by Aspergillus nidu-
lans and belongs to the class I hydrophobins.
Since hydrophobins are highly surface-active
they can easily be used for surface modification
and functionalization. Until recently, the use of
hydrophobins for large-scale surface coatings
has been prevented by the fact that they had
to be isolated from fungal cultures in a lengthy
process. Recently the BASF SE achieved a
break through and established an expression
system for the large-scale production of hydro -
phobins. 
1.1 Fusion hydrophobins
Based on the large-scale industrial production,
it is now possible to obtain large amounts of
hydrophobins in a comparatively short time, but
due to their characteristics, the hydro phobins
had to be produced as so called fusion hydro -
phobins. The BASF SE provides two fusion
hydrophobins for surface coating. The available
fusion hydrophobins are composed of the class
I hydrophobin DewA of Aspergillus nidulans
and a fusion partner. The fusion partner is the
synthase yaaD of Bacillus subtilis in complete
respectively shortened form (Figure 1). The syn-
thase is used to lead the hy dro phobin into the
inclusion bodies in Escherichia coli for the
purification. H*Protein B has the shortest ver-
sion of yaaD which still works as a leader. The
fusion hydrophobins have a mass of 47 kDa
respectively 19 kDa, whereas the hydrophobin
part itself has a mass of only 10 kDa. In fusion
hydrophobin H*Protein A the hydrophobin part
forms 20%, in H*Protein B 50% of the total
protein mass.
1.2 Modification of the fusion hydropho-
bins
Because of the lack of being antimicrobial by
itself, we modified the fusion hydrophobins.
We used cationic antimicrobial peptides (AMPs),
which are only 9 to 50 amino acids in size and
are proven to be active against bacteria and
even against yeasts and filamentous fungi.
They are an alternative to antibiotics and do
not affect human cells. Until now there is no
resistance known. The AMPs were fused to the
N-terminus of the long and short version of the
yaaD in the expression vector pQE60 (Figure 2).
The modified plasmids (pHHC-011, pHHC-012,
pF1-011 and pF1-012) were transformed into
E. coli BL21. The induction of the expression
was performed with 0.5mM IPTG (Isopropyl !-
D-1-thiogalactopyranoside) at OD600 0.6 to 1.0;
we let the culture grow over night. The purifi-
cation of the modified fusion hydrophobins
Figure 1: The fusion hydrophobins consist of the synthase yaaD in complete (H*Protein A) respectively shortened
(H*Protein B) form, the class I hydrophobin DewA and a C-terminal His-tag.
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5was done by an approved protocol of the BASF
SE, where a pH-shift from 12 to 9 dissolves the
modified fusion hydrophobins out of the IBs.
After centrifugation the dissolved proteins re -
main in the supernatant, which was lyo phi lized
afterwards. The molecular masses of the modi-
fied fusion proteins are only a little larger, be -
cause of the small size of the AMPs. The mod-
ified fusion hydrophobins have a mass of about
48 kDa and 20 kDa, respectively (Figure 3).
1.2.1. Testing the functionality of the
modified fusion hydrophobins
We used different organisms, gram-positive
and gram-negative bacteria and eukaryotes (S.
pneumoniae, B. subtilis, E. coli, P. putida and A.
nidulans) to show the functionality of the mo -
dified fusion hydrophobins. We performed kil-
ling curves (A. nidulans, B. subtilis, S. pneumo-
niae) and peptide activity tests (A. nidulans, B.
subtilis, S. pneumoniae, P. putida) to show this.
First we tested if only the fusion hydrophobins
have an effect on the growth of microorga-
nisms. We used the strain B. subtilis TMB488,
which is a reporter strain for the two-compo-
nent system LiaFSR and is inducible by cell
envelope stress by antibiotics, which have an
effect on the lipid II cycle (Jordan et al., 2007).
Using different concentrations of the fusion
hydrophobin we could not detect a growth
inhibition (Figure 4). We found the same results
with the other organisms. Killing curves were
performed using the modified fusion hydro-
phobins, but there was no difference in the
growth recognizable. 
Because of these results we decided to perform
peptide activity assays in microtiter plates.
Peptide activity assays were performed earlier
to check the antimicrobial activity of the AMPs
F1 and HHC in A. nidulans (Mania et al., 2010).
We found MICs (Minimal Inhibitory Con cen tra -
tions) of about 1µg/ml respectively about
5µg/ml, so we decided to use these AMPs for
modification. 
Figure 2: Fusion hydrophobins with cationic antimicrobial peptides. We fused the AMP to the N-terminal site of the
yaaD. After biochemical calculations the AMPs are on the top of the coated surfaces and the contact point for biofilms.
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6In each column of the plate, one peptide is
diluted from top to bottom to roughly identify
the MIC. This is done in Minimal Medium
(MM) with glucose as sole carbon source and
resazurin as indicator of viability. Resazurin is a
blue dye that turns pink when it is reduced, for
example by respiration of living microorga-
nisms in the medium. Each well is inoculated
with a defined a mount of spores (105 spores)
of an A. nidulans wild type strain (RMS011).
First we tested all the AMPs we have in our
stock (F1, HHC, #15, #29, Bac2a, C6, D5, E6,
Indolicidin and Kai13) and then we tested the
modified fusion hydro pho bins. There was no
growth inhibition of the F1 and HHC fusion
hydrophobin in any tested or ganism (Figure 5,
and data not shown), although the peptides
alone were highly active. This suggested an
inhibitory effect of the fused hydro phobin.
1.2.2. Modification of fusion hydrophobins
with a surface-tethered peptide
Meanwhile Hilpert et al. (2009) found some
AMPs, which work better while they are tethe-
red to surfaces. One of these peptides, KaiH,
consists of 12 amino acids (WIVVIWRRKRRR)
and has a mass of 1.7 kDa. We attached this
peptide to the N-terminus of the shortened
and full-length version of the yaaD and cloned
it also in the pQE60 vector (Figure 6). As a
negative control we chose a peptide slightly
changed peptide, hW (WIVVIWRAKRRR), and
attached it also to the shortened and full-
length versions of the yaaD. The over expres-
sion and purification will be done according to
the same protocol as before. 
Figure 3: Over expression analysis. A) Western blot: The modified fusion hydrophobin F1-012 serves as an example for
a western blot. The modified fusion hydrophobins were transformed with E. coli BL21 an expression strain. With induc-
tion by 0.5mM IPTG the modified fusion proteins were expressed and could be detected by the 6x-His tag. There is a
clear band at about 20kDa, which corresponds to the mass of the modified fusion hydrophobin. B) SDS-Gels: By over
expression the modified fusion proteins were enriched and applied on 15-15% SDS Gels. Of the lyophilized protein
powder we applied 10µg/ml in each column. As comparison serve the fusion hydrophobins we got from the BASF SE. 
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7Figure 4: Growth curve of B. subtilis TMB488. The strain grew in LB-Media (lysogenic broth) with 5µg/ml chlorampheni-
col. A 100ml culture was inoculated at OD600 0.1 with a preculture of B. subtilis TMB488. Then let it grow until OD600
0.6 when it was splited into five 10ml cultures. To each of these cultures we gave a different concentration of fusion
hydrophobins (0.1µg/ml, 1µg|ml, 10µg/ml and 100µg/ml). One of these grew without any add-on. 
Figure 5: Peptide activity assays with P. putida. A) Testing 10 different AMPs for antimicrobial activity. As control serves
aqua dest. In each column there is another peptide with decreasing concentration. B) In a second step the modified
fusion proteins (5-10) were tested. In each column there is another modified fusion protein with decreasing concentra-
tion. As control serve the AMP (F1 or HHC), aqua dest. and  the fusion hydrophobins from the BASF SE.
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82. Characterization of hydrophobin coated
surfaces 
In this project hydrophobin coated surfaces
and their properties are studied with respect
to bacterial cell adhesion, cell differentiation,
and cellular growth with the aim to influence
biofilm formation.
In a first step unmodified recombinant fusion
hydrophobins were used and a coating protocol
was developed. The hydrophobin coated sur -
faces were characterized under various aspects. 
2.1 Surface coating with hydrophobins
Glass surfaces were used as reference material
for coating experiments. Glass is a very
hydrophilic material and thus comparable to
ceramic materials. The glass surfaces were
coated with the fusion hydrophobins H*Pro-
tein A and H*Protein B. The used concentra-
tion of the hydrophobin solution was 10µM.
The glass surfaces were coated according to
Janssen et al. (2004). The hydrophobins were
solved in buffer (50mM Tris-HCl, 1mM CaCl2,
pH 8). Subsequently, the surfaces were cleaned
with ethanol and incubated for 1-16 hours at
23-80 °C in the hydrophobin solution. During
the incubation the hydrophobins self-assem-
bled on the surface in !-helical conformation.
The surfaces were rinsed with distilled water
and dried at room temperature. Half of the
surfaces was further treated for the induction
of a "-sheet shift. The "-sheet conformation of
the hydrophobin coating is said to be more
stable than the !-helical conformation. For this
the surfaces were incubated for 10 minutes at
80 °C in 2% SDS-solution, subsequently rinsed
with distilled water and dried. 
Different parameters like incubation tempera-
ture and incubation time might influence the
self-assembly behavior and the postulated mo -
nolayer of hydrophobins. These parameters
were changed to analyze the fundamental cha -
racteristics of fusion hydrophobins on surfaces. 
2.2 Characterization of hydrophobin coa-
ted surfaces
Different surface analysis methods were ap p -
lied for the characterization of hydro pho bin-
coated surfaces and the clarification of the in -
fluence of the variable coating parameters.
The hydrophobin-coated surfaces were ana-
lyzed in matters of change of surface hydro -
pho bicity and homogeneity of the coating. In
addition also the adsorption characteristics of
hydrophobins were studied. 
Change of surface hydrophobicity
Contact angle measurement (CA) is a simple-
to-adopt method for surface analysis. It is used
to detect the presence of films or coatings and
to determine their properties. The contact
angle describes the shape of a liquid droplet
resting on a solid surface and thus gives infor-
mation about the wettability of the surface.
The more a liquid droplet spreads, the smaller
is the contact angle and the more hydrophilic
Figure 6: Modified fusion hydrophobins with the cationic antimicrobial peptide KaiH. Fusion of the AMP to the N-termi-
nal side of yaaD and cloning in the pQE60 vector.




a normal spring constant of 0,56 N/m (nano
and more) in air. The microscope was operat-
ing in an AC-mode, where the tip was scanned
back and forth at 0° along the horizontal line
in a scan range of 10 µm. The AFM was used
with a 5 µm z-range and 150 µm x- and y-
range scanner (type J Digital instruments). To -
po graphic images were evaluated with the
Scan ning Probe Image Processor (SPIP). 
On glass surfaces hydrophobins adhered in
ordered protein layers. Surface coatings perfor -
med at 80 °C with H*Protein A and H*Protein
B in alpha-helical and beta-sheet conformation
showed a globular protein adsorption pattern
(Figure 8). These results were in accordance
with the immunfluorescence microscopy. Al -
so at the nano level hydrophobin coatings




The adsorption characteristics of fusion
hydrophobins were monitored with QCM-D
(quartz crystal microbalance with dissipation)
measurements. QCM is a very sensitive tool to
detect changes in weight and thus a helpful
method to sense adsorption processes on sur-
faces. The quartz crystal microbalance deter-
mines a mass per unit area by measuring the
change in frequency of a quartz crystal reso-
nator. The resonance is disturbed by the addi-
tion or removal of a small mass due to, for
example, protein deposition at the surface of
the acoustic resonator. It can be used under
vacuum, in gas phase and in liquid environ-
ments. In addition to measuring the frequen-
cy, the dissipation is measured. The dissipa-
tion is a parameter quantifying the damping
in the system, and is related to the sample's
viscoelastic properties. 
The adsorption of H*Protein A and H*Protein
B (10µM in 50mM Tris-HCl, 1mM CaCl2, pH
8) were analyzed on a SiO2 coated quartz cry-
stal. The protein layer thickness and the
absorbed mass were calculated with the Voigt
vicoelasitc model. The protein adsorption was
monitored for up to 16 hours at 20 °C and a
flow rate of 50 µl/min. The stability of the for-
med protein layer was determined by rinsing
with 2% SDS solution. 
H*Protein A formed a layer of 17 ± 3 nm and
H*Protein B of 14 ± 2 nm on the SiO2 surfa-
ce. After 1 hour of incubation the maximum
layer thickness was already reached. No more
changes were observed during further incu-
bation. These results were in accordance with
the data of the contact angle measurements
and the immunofluorescence microscopy. To
achieve a homogenous hydrophobin coating
and a significant change of the surface hydro-
phobicity short incubation times were suffi-
cient. The formed coating thickness of 17 ± 3
nm respectively 14 ± 2 nm matched the
expected thickness of hydrated monolayers of
fusion hydrophobins. The fact that even with
a longer incubation time no changes of the
larger thickness were monitored, pleads for
the formation of a stable monolayer.
The adhered protein mass was 17 ± 3 mg/m2
for H*Protein A and 14 ± 2 mg/m2 for H* Pro -
tein B (Figure 9). Unfortunately the formed
protein layer was not stable under these con-
ditions. After rinsing with 2% SDS solution
the hydrophobin layer was detached comple-
tely. As already mentioned, the temperature
plays an important role in the formation of a
stable hydrophobin layer. Contact angle mea-
surement and immunofluorescence microsco-
py have shown that higher temperatures 
(80 °C) were necessary to form stable mono-
layers. The QCM experiments were perfor-
med at 20 °C. This might result in this non-
stable hydrophobin layer. 
Various surface analysis methods were establis-
hed and applied for the characterization of
hydrophobin coated surfaces. At a later stage
of this project these techniques will also be
used for the characterization of surface coa-
tings with modified fusion hydrophobins. The
influence of the modification on the surface
performance of the fusion hydrophobins will
be determined.
3. Analysis of microbial biofilm formation
on different surfaces 
Biofilms were grown on natural as well as
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hydrophobin coated surfaces with single
species and natural mixed populations.
Different methods were applied and estab-
lished to analyze the bacterial and fungal pop-
ulation in terms of population composition,
microbial density and spatial distribution.
Additionally the interaction of bacteria and
fungi in biofilms was monitored. 
3.1 Bacterial biofilm formation
Microbial biofilms represent a special, very suc-
cessful life form of bacteria. The microorgan-
isms benefit in this symbiotic life form from
metabolic exchange, genetic flexibility and pro-
tection, which a biofilm offers in comparison
to planktonic growth. Nearly all bacterial spe -
cies are able to exhibit this type of growth
firm ly adhering to a substrate, in addition to
the planktonic freely floating growth variety. 
A special characteri stic of all biofilms, besides
firm adhesion to one site, is their highly struc-
tured character (Costerton et al. 1999, Coster-
ton et al. 2001.) The development of a biofilm
proceeds in various chronological steps. These
are dependent on the involved bacterial spe -
cies external factors and also surface charac-
teristics. The first step, the initial adhesion is
reversible. With the production of a matrix of
organic molecules, the extracellular matrix, the
adhesion gets irreversible. The bacteria are
embedded in the extracellular matrix, which
also offers new habitats to other organism
such as other bacteria or fungi. The biofilm
starts to mature and to form three-dimension-
al structures. A mature biofilm releases single
cells, which again adhere to the substrate and
start the biofilm life cycle again. 
In order to characterize the influence of hy dro -
phobin coated surfaces on bacterial biofilm
formation the primary adhesion as well as ma -
ture biofilms grown on uncoated and coated
surfaces were analyzed. 
Primary adhesion
The primary adhesion is the first and conse-
quently the crucial step at the change from
planktonic to sessile growth. 
Primary adhesion of Escherichia coli on hydro-
phobin coated and uncoated glass slides
To analyze the primary bacterial adhesion a
GFP-tagged E. coli strain (E. coli BW3110,
pJOE 4056.2 His e-GFP) was used. After induc-
tion of the promoter with 0.2% Rhamnose the
»green fluorescent protein« (GFP) is stable
expressed intracellular. The bacteria can be
detected with the epifluorescence microscope
without further labeling steps. 
E. coli was grown in biofilm reactor on hydro-
phobin coated and uncoated glass slides and
Figure 9: Adsorption of hydrophobin
H*Protein B (10µM) in Tris buffer
(50mM Tris, 1mM CaCl2, pH 8.0) on
SiO2 surface monitored with QCM-D.
The adsorped mass was quantified
with Voigt viscoelastic model.
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the bacterial adhesion was monitored at diffe-
rent time points for up to 24 hours. The biofilm
was washed in 0.89 % NaCl to remove loosely
attached microorganisms and subsequently
analyzed with epifluorescence microscopy.
More bacteria adhered on hydrophobin coated
glass slides compared to uncoated glass slides.
Quantification of biofilm growth
For the quantification of the first steps of the
biofilm formation a crystal violet assay was
applied. Individual cavities of a 96-well micro-
titer plate (polystyrol) were coated with H*Pro -
tein A and H*Protein B according to the esta-
blished protocol. The GFP-tagged E. coli (E.
coli BW3110, pJOE 4056.2 His e-GFP) was
grown overnight and diluted in sterile growth
medium (OD600nm 0.25). 100 µl bacterial sus -
pen sion were portioned in each cavity and
incubated at 37 °C for up to 6.5 hours. The
adhered bacteria were stained with crystal vio-
let and the biofilm formation could be quanti-
fied with the determination of the optical den-
sity at 590nm. 
At most time points a higher adhesion of E. coli
was detected on hydrophobin coated surfaces
compared to uncoated surfaces. After just 0.5
hours a significant higher bacterial adhesion on
the various hydrophobin coated surfaces was
monitored. This effect diminished and even
inverted after 6.5 hours. Now more bacteria
adhered on hydrophobin coated surfaces com-
pared uncoated polystyrol (Figure 10). 
Mature biofilm
The mature bacterial biofilms were grown in
wastewater effluent on hydrophobin coated
and uncoated glass slides for up to four
weeks and subsequently analyzed in terms of
population composition, microbial density and
spatial distribution.
Population analyses
Molecular biological population analyses like
PCR-DGGE (polymerase chain reaction with
subsequent denaturing gradient gel electro-
phoresis) allow studying the diverse population
of bacteria in wastewater biofilms. Population
analyses were used to detect variations in the
composition of the bacterial population on
hydrophobin coated and uncoated surfaces.
For the analysis of the bacterial population the
biofilm DNA was isolated and amplified in a
PCR-reaction with the primer set 27f and 517r
targeting the eubacterial 16S rDNA. The 
16S rDNA of prokaryotes is the most conser-
ved (least variable) gene and for this reason
used to identify bacteria. The initial PCR-reac-
tion resulted in a mixture of PCR amplicons
which all have the same length (526 bp). Se -
quen ce variations like differences in GC content
and distribution were used to separate these
amplicons in a denaturing gradient gel electro-
phoresis. Here each band represents one bac-
terial species. DGGE banding patterns can be
used to visualize variations in microbial di ver sity
and provide a rough estimate of the richness
Figure 10: The primary adhesion of 
E. coli was monitored at different
time points and quantified with crys-
tal violet staining. 
The differences in the biofilm growth
on hydrophobin coated and uncoat-
ed surfaces are shown. At early time
points (0.5 h) significantly more bac-
teria adhere on hydrophobin coated
surfaces. 
SR16_Mineraloberfl_V8.qxp:Abstract_InfosysII.qxd  08.10.10  13:24  Seite 13
14
and abundance of predominant microbial com-
munity members. The bacterial population was
analyzed with PCR-DGGE (Figure 11). The
planktonic bacterial population (left) differed
clearly from the biofilm population (right).
No significant differences were visible in the
banding pattern of biofilms grown on diffe-
rent surfaces. The bacteria adhered with the
same preference to natural and hydrophobin
coated surfaces.
Microbial density 
A further characteristic of biofilm growth is
besides the population composition the num-
ber of bacteria growing in a biofilm. Colony
forming units (CFU) were used to estimate the
growth density. The biofilm was washed in
0,89% NaCl to remove loosely attached mic ro -
organisms, scraped of the surface with a sterile
cell scraper, resuspended in sterile PBS and seri-
al diluted. Suitable dilution steps were plated in
triplicates on DEV-agar. They were incubated
for up to 7 days at 37 °C. The bacterial co lonies
were counted and the number of bacteria per
square cm was calculated. A lot of bacteria
grew on the uncoated and hydrophobin coated
surfaces, but there was no significant differen-
ce in the cell numbers on various materials. 
Spatial distribution of biofilm growth 
Biofi lms were stained directly on the surface
with the DNA intercalating fluorescent dyes
Syto9 to scan the spatial distribution of biofilm
growth. Prior to fluorescent staining the bio-
film was washed in 0.89 % NaCl to remove
loosely attached microorganisms. Syto9 solu-
tion was dropped on the biofilm sample to
stain all present microorganisms. The sample
was incubated for 20 minutes in the dark at
room temperature and subsequently washed
carefully with water. The slides were prepared
with the mounting media citifluor and a
coverslip for fluorescence microscopy. 
No significant differences were observed in the
spatial distribution of the biofilm growth on
uncoated and hydrophobin coated surfaces. 
Different steps of biofilm development were
monitored on hydrophobin coated and uncoa-
ted surfaces. Hydrophobin coated surfaces
influence the primary bacterial adhesion. The
bacteria are attracted by the hydrophobin coa-
ted surfaces and adhere in higher numbers as
on uncoated surfaces. But the impact of
hydrophobin coated surfaces on biofilm for-
mation seems to be time dependent. In matu-
re biofilms (4 weeks) no differences in biofilms
Figure 11: DGGE profiles of amplified
partial 16S rRNA genes of planktonic
wastewater bacteria (right) and
waste water biofilms (left). The bands
obtained from different pure cultures
of hygienically relevant bacteria serve
as reference marker (left):
Campylobacter jejunii, Staphy lococ -
cus aureus, Enterococcus faecium,
Pseudomonas aeruginosa, E. coli,
Salmonella enterica, Mycobacterium
paratuberculosis (top to bottom). 
The banding pattern of wastewater
biofilms on uncoated and coated
materials showed no significant dif-
ferences. 
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established on natural and hydrophobin coa-
ted surfaces could be detected.
The established techniques for the biofilm cha-
racterization will further be applied to charact-
erize the influence of modified hydrophobins
on biofilm formation. The hydrophobins will be
modified with antimicrobial peptides to enhan-
ce their effect on biofilm formation. 
3.2 Fungal biofilm formation
In addition to bacteria there are also fungi insi-
de of a biofilm. When the mature biofilm is for -
med, fungi joined the biofilm. To analyze the
fun g al populations in biofilms we use native
biofilms. A native biofilm is a biofilm, which can
be found in the natural environment and har-
bors more than one microorganism species. In a
native biofilm, protozoan, algae, bacteria and
fungi can be found.
Design of a clone library
To analyze and identify the fungal population
of a biofilm a molecular biological approach
was used and a clone library was designed. A
clone library offers the advantage that also
fungi, which are not able to grow on agar
plates, can be detected and identified. With a
clone library it is possible to estimate the abun-
dance of single fungal species in biofilms. For
the generation of the clone library the com-
plete biofilm DNA was isolated and amplified
in a PCR-reaction with the primer set ITS1 and
ITS4. These primers are specific for the ITS-
region of eukaryotes. The ITS-region is well
suited for the identification of fungi since it
has a higher variability than other regions of
the rDNA. The PCR products were cloned in
Escherichia coli and tested with a colony PCR
(primer set M13/T7) and the restriction enzyme
Table 1: Isolated fungi and protozoa from native biofilms.  
A clone library was designed for the isolation of the fungi with the amplified ITS-region in E. coli. The sequences were
analyzed by a M13/T7 PCR, a digestion and by the online-tool BLAST. Plant 1 and 2 are the different places in the
purification plant of Karlsruhe/Neureut. Plant 1 is the place in the mechanical treatment direct after the rack and the
second place was in the biological treatment of the plant. Influent biofilm is a biofilm, which was incubated in influent
wastewater for one month. The isolates from the biofilm of the lake are also listed in the table.
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MspI. Clones, which showed different banding
patterns on an agarose gel after the restriction
digest, were sequenced. 
The isolated and identified fungi and protozoa
from wastewater biofilms and biofilm from a
lake in Karlsruhe-Leopoldshafen are listed in
table 1. In addition to these isolates, 111 clo-
nes were sequenced which were not described
so far. All isolates of the biofilm from the plant
in autumn, the Alb, the effluent and the Rhein
were species, which are not described so far.
Most of the undescribed clones belong to the
genus Candida and Trichosporon, which can
be shown in a genealogical tree. Until now it is
in general not much known about fungi in bio-
films. These clones are very interesting since
they might be fungi preferably growing in bio-
films (Table 1). There was no significant diffe-
rence in the fungal population on uncoated
and hydrophobin coated materials. 
Spatial distribution of biofilm growth
Biofilms were stained with Calcofluor directly
on the surface of glass slides. Calcofluor binds
specifically to chitin and cellulose and stains
fungi and algae. Prior to fluorescent staining
the biofilm was washed in 0.85% NaCl to
remove loosely attached microorganisms. For
the staining of fungi and algae a small volume
of 0.1% Calcofluor and 15 % KOH were drop-
ped on the biofilm and subsequently washed
with 70 % ethanol and water. The samples
were analyzed with the fluorescence microsco-
pe (Figure 12).
3.3 Interaction of bacteria and fungi in
biofilms
Fluorescence in situ hybridization (FISH) was
applied to analyze the distribution and interac-
tion of bacteria and fungi in biofilms. FISH is a
technique used to detect and localize the pre-
sence of specific DNA sequences in situ. FISH
uses specific fluorescent-labelled probes that
bind to only those parts of the genome with
Figure 12: Spatial distribution of biofilms on uncoated
surfaces stained with Calcofluor. 
The glass slide was incubated for four weeks in the influ-
ent of the purification plant in Karlsruhe/Neureut. After
the incubation the slide was washed with 0.85% NaCl
and stained with 0.1% Calcofluor and 15% KOH and
washed again with 70% ethanol and water. 
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which they show a high degree of sequence
similarity. With this technique different mic ro -
organism groups can be stained in situ with
diverse fluorescent dyes. 
To analyze the interaction of bacteria and fungi
two different probes were applied. EuUni was
labeled with Fluorescein and bound to a high-
ly conserved region of the eukaryotic 18S
rRNA. The prokaryotic 16S rRNA was detected
with the Cy3 labeled probe Eub338. The FISH
was done as described Baschien et al. 2008.
The biofilms were fixed, dehydrated and after-
wards hybridized with the probes. The samples
were analyzed with the fluorescence microsco-
pe. For our investigations we used glass slides,
which were directly incubated in the influent
of the plant Karlsruhe/Neureut and in the Alb
(effluent of the plant). Figure 13 shows a FISH
of a biofilm, which was incubated in the
influent of the plant. The slide was incubated
for four weeks, washed with 0,85 % NaCl to
remove loosely attached microorganisms and
hybridized with both probes. 
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